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FOREWORD 

This repert was prepared by the Fluid «ad Lubricant Materials Branch, 

Henmetallie Materials Divisien, A. F. Materials Uberatery with Dr. Tung 

Liu as Preject Bngineer. The werk reperted herein vas initiated under Pre. 

jeet 73^2 "Fundamental Research en Macremelecular Materials and Lubrioatien 

Phenemena", Task 7>204, "Fundamental Investigatiens ef Prietiena, Lubrioa- 

tien, Wt«r, and Fluid Mechanics''. The repert oevers a peried ef werk frea 

1 July 1962 te 30 June 1963. 
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ABSTRACT 

The sliding friction between copper specimens were measured under 

atmospheric conditions under loads of 0.1 to 20 grams. With very clean 

surfaces, the coefficient of friction was 1.0-1.1 for the entire load 

range. With less clein surfaces, the coefficient of friction obtained 

was about 0.J*. Since the degree of cleanliness cannot be controlled quanti- 

tatively, the friction - load curve of sliding copper pairs in air exhibits 

a bifurcation characteristic. The higher friotion value may be satisfac- 

torily explained by adhesion theory. No sign of adhesion, however, was 

detectable when the friotion coefficient was 0.^. AH observations to date 

indicate that plastic deformation exists during the sliding process. Using 

published data on the total expended work in plastic deformation, the coef- 

ficient of friction between oopper pairs was estimated to be about 0.2. 

When adhesion is negligible, based on the plastic deformation raeohanisra, one 

may deduce that (l) the friction coefficient depends largely on the properties 

of the softer material of the two specimens, and (2) upon repeated sliding, 

a slight drop in friction may be observed. Both of these predictions have 

been verified experimentally. 

This report has been reviewed and is approved. 

6 l.'L; ADAMCZAKi/Chief 
Fluid and lubricant Materials Branch 
Honaetallie Materials Division 
AF Materials Laboratory 
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IHTRODUCTIOS 

The sliding friction between selids, particularly metallic selide, has 

bean successfully explalnad qualitatively by adhesien thaary, dua largely ta 

the extensive nark ef Bewden, Taber, and ee-werkers (2) as well as ethers. 

Thia theery in its eriginally primative far» stated that the actual area af 

centact (A) between selids is equal ta the lead (W) divided by the flew pres- 

sure (pa) ef the weaker ef the twe selids in eentaot. At these regiens ef 

centact, the twe selids fena a number ef junotiens as if they were welded 

tegether. Frietien <F) represents the ferce required te shear these junotiens 

apart. Mathematically, the theery la expressed as» 

A    = f <h 
Yrr> 

r =   ^ ,2, 

/    w   A fa f™ Li) 

where (s) is the shear stress. Thus, the ceefficient ef frietien may be re- 

presented by the ratie ef shear stress te flew stress ef the material, and 

bacemea its intrinsic preperty. 

This representatien, hawever, aasumes the independence ef yield pressure 

and shear stress which is inaccurate as painted eut by the authers. It alse 

predicts, centrary ta experimental results, that/tf cannat be muoh mare than 

unity. McFarlane and Taber (13) experimentally ebaerved the grewth af juno- 

tiens prier te macreacepie eliding between the selids. Taber (16) later re- 

vised the theery by censiderlng the junetlen grewths under cembined oempressive 

and shear stress and arrived at the result* 
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where (k) is the ratio ef shear stress ef the junction te that ef the bulk 

ef the material. This expressien predicts an extremely high coefficient 

ef frictien when the twe selids are identical beth in composition and in 

erientatien. Mismatched lattice invariably lead te the fermatien ef a 

junction with lewer shear stress. 

Gwathmey al aJL (8) reperted that the static frictien oeeffioient be- 

tween single crystals ef cepper (face centered cubic lattice) under vacuum 

exceeded 100 when twe matched (lOO) surfaces were in centact. Replacing 

ene with anether (ill) surface, the ceefficient ef frictien drepped te 23. 

Takagi and T8Uya (l?) extended the study te the direotienal effects en the 

frictien between twe (lOO) surfaces. They reperted that when the directlen 

was matched, the average^ was 114. When the rider was retated 45°(the 

(100) surface has feur feld symmetry and the 45° retatien represented the 

maximum mismatch }  the ceefficient ef frictien drepped dewn te half ef the 

abeve value ( averageyU - 56). Very high ceefficients ef friction between 

pelycrystaline cepper were also reperted (l). 

Frem the evidence cited abeve, together with these including ether 

materials, it is quite evident that this refined adhesien theery explains 

rather satisfactorily the very high frictien between olean metals in vacuum. 

However, the theery also predicts that the adhesion between clean metals 

in air should be appreciable unless ether mechanisms responsible for the 

sliding friotien beeeme significant ('the corresponding (k) values for 

^ - 1 and 0.5 are 0.95 and 0.82 respectively) . In particular vhtmuCT 1, 

one percent change in (k) sheuld alter the coefficient of friotien by 10 

per cent. Inasmuch as the Composition of the surface cannot be closely 

controlled, the sliding friction data obtained under apparently similar 

circumstances may easily be expected to vary by a factor ef two. Partiou- 
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larly when different experimental techniques are involved. 

Whitehead (20) measured the sliding friction between copper specimens 

at a very slow speed of 0.01 cm/sec. over a load range of 0.01 to 10,000 

grams. The experiments were carried out under an ordinary atmosphere^and 

the data were apparently reported as the static friction coefficient (cal- 

culated from the maxima of frictional force). With electrolytically polished 

copper, a constant coefficient of friction (Amonton's second law) of 0.^5 

and 1.8 were observed for load ranges of <1 gm and>l+0 grams. For the 

loads in between, the coefficient of friction was found to increase with 

load. H0 explained that the friction coefficient of 1.8 was due to adhesion 

while at lower loads the latter was prevented because of the surface oxide 

film. This explanation was substantiated by Wilson's (2l) measurement of 

contact resistance as a function of load using the identical apparatus. 

Whitehead also studied the effect of surface finish on the friction of 

copper and obtained friction coefficient - load curves having similar char- 

«Oteristic but with shifting load ranges at which Aaonton's law failed (or 

the range where fA vried with load). At very high loads, of the coefficients 

of friction obtained, all but one data point lay very close to 1.8. «o at- 

tempt was made by the author to explain the friction at very low loads other 

than attributing it to be due to the oxide film. 

Walton (19), with carefully designed experimental procedure investigated 

the adhesion between copper specimens dtttfing the sliding process. H« found 

that adhesion was not detectable whenever^ was less than 0.5. With a load 

of 100 grams, the sliding friction force was found to vary over a wide range. 

Taking the instantaneous values of^U • a linear relationship between/C and 
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adhesion was obtained. Plotting the friction fores versus adhesion, an 

intercept of 50 grams was obtained. This portion of the friction force 

evidently did not come from adhesion mechanism. 

Evidence thus far indioates that the coefficient of friction of copper 

at low loads is due to a mechanism other than adhesion. Thus, in certain 

ranges of load, the friction should become very sensitive to the nature 

of the surface film. An experimental program was therefore carried out 

to study the friction of copper emphasising the load range where Anontons* 

law was not obeyed. 

EXPERIMENTAL 

Figure 1 shows the experimental apparatus, the detail description of 

which will be published elsewhere (12). The specimens used consisted of 

a four inch disk and a l/8" diameter spherical rider, which were used through- 

out this work. A olose up of the specimens is shown in Figure 2. The disk 

specimen was mounted on a shaft driven through a hydraulic transmission 

oapable of varying the speed from 0.1 to 500 rpm. The rider arm pivoted 

on two sets of jewel bearings and was connected to the drive shaft through 

a traverse mechanism. Upon engaging the traverse mechanism the rider arm 

can travel radially with respect to the disk specimen. At any desired 

location, the traverse mechanism may be disengaged leaving the rider at 

a fixed spot. A cam is provided such that the rider is automatically lifted 

up when it is close to the center or the edge of the disk to prevent any 

impact between the specimens« A linkage mounted with two parallel leaf 

springs on the rider arm support is connected between the core of a LVDT 

(linear variable differential transformer) and the rider holder, which 

provide the means for measuring friction force. The output of the I*VDT 
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was fed through ~n amplifier to a strip chart recorder. Using a set of 

springs, the output per unit force was calibrated versus an analytical balance. 

The overall accuracy is of the order of ±2* for frictional forces larger 

than 1 gram. 

At the beginning of each run, the rider *ra w«s carefully balanced 

and moved to the center of the disk specimen (not touching) and a dead 

weight load applied. (In this work the range of loads was O.i to 20 

grams.) After the rotating speed has been adjusted, the arm traverse 

raech-nism was engaged. The rider then scribes a spiral path on the virgin 

surface of the disk specimen as a stylus on a phonograph. Upon reaching 

the desired position, the rider was left to rub repeatedly on the same track 

of the disk by disengaging the traverse mechanism. 

All the experimental work described in this paper was carried out 

under atmospheric conditions. During the experiments, the temperature, 

and relative humidity was frequently checked and found to be well in the 

ranges 75-85°^ and 30-50* respectively, «o attempt was made to control 

these variables. The apparatus itself, however, is capable of handling 

temperatures in excess of 1400°F, vacuum to 10-7 Torr, range, as well as 

controlled atmospheres. 

The copper specimen used were made of 99.9* commercially pure copper. 

Other materials used were K.10 tool steel (hardness» RC50), commercially 

pure aluminum, fused quartz, and white sapphire. 

The spherical specimens obtained commercially had average surface 

finishes < 3 mioro inches and were used without.further polishing. The 

disk specimens were wet sanded with 600 grit finish (2-4 micro inches^ 

Some specimens were further finished with a metallurgical polisher to a 
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surface roughness less than one micro inch. Prior to the measurement, the 

specimen was washed with ether, ieopropyl alcohol, ,nd distilled water. The 

fin,l washing with w,ter also indicted whether the degreeing was complete. 

Whenever water droplets were found to hang on the specimen, the solvent 

washing process was repeated. 

Many of to. «.tallio sp«lmn. »r. doa-d .toetrolytloally prior to 

th. motion »nour^nt a. suggwtto by Dr. C*ptoll (3>. ».tog ** *f\ 

solution, th. oathodlo rtouctlon was earrtod out for on. «tout, at a «urrsnt . 

d.nslty of 1 Wo*2 and 10 .«onds at 10 «a/«2. A 10 o» x 10 o- shsst 

copper -a. «.«a a. th. anod.. Th. vA. was rlnssd with distill* -tor 

,nd dried with war« air ImdUtoly »ft« «moral fro« th. .Lctrolytlc 

bath and plaeto on th« «tp.rto.ntal apparatus. 

RESULTS 

Th. .fftot of sliding tpMd «a. first d.tor„lnto by . .«*.. of runs of 

oopp« on oopp« with 10 gra«. of load.   Th. friction co.ffici.nt was «sasurto 

„t fir. diftownt wtotlng sp«ds. 5. 10. 20, 50, and 100 rp«. and with , 

fixed sliding dia«*.r of 3 * 0.2J in.   Th. corresponding lin.ar speed rang. 

U bout 0.8 to i« Ws.o.   Th. «suit. ar. shown to Figur. 3.   U can «adily 

to s«n thatugradually increased with sp~d.   H a sp«d of 20 n- or toss, 

it. ,ff.ot on friction to.ffioi.nt is »gllgibl..   All ottor runs w.re th.»- 

for. «ad. at a singl. sppto of 20 rp« in ord« to .ltotoato on. Tariabto. 

Tto otaMr sliding *. during to. initial spiral path Um—* *"" «.5 

to about 3 m/s«.   Alto U al» th. »wag. «Md during «to.tod sliding. 

R.sulto frm th. thoroughly otoanto copper spsoto«. .r. present* to 
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Figure k which show that the coefficient of friction is about 1.0 to 1.1 

for the entire load range measured (0.1-20 grams), «he rebate agreed well 

with our earlier value of 1.1 using another apparatus over the load range 

120-6000 gram* (ll). This value also agrees with the average results ob- 

tained by Walton (19) with a 100 gran load. Throughout this work, data are 

reported as dynamic friction as it «a. found that static friction values 

obtained fro« sliding techniques is sensitive to the surface preparation 

procedure as well as the d**ping action of the apparatus and instrument. 

White head (20) apparently reported static coefficient friction values of 

1.5.1.8. The discrepancy can in part be explained as the difference be- 

tween the static and dynamic friction forces. 

A typical portion of recorded frictional force is shown in Figure 5. 

It can be seen that friction force showed a variation of *30*. On occasions, 

especially at low loads, much lower coefficients of friction of about O.k 

were observed initially, and in most of these caws, friction coefficients 

of 1.0 to 1.1 were again observed after repeated rubbing. This is obviously 

due to some surface contamination as may be —n fro. the following results. 

If the cathodic reduction procedure was omitted, that is, the final 

cleaning was made with solvent washing and checked with water wetting, the 

results obtained were considerably differ«*. On the virgin surface of the 

disk (the initial spiral path* the coefficient of friction is in the neigh- 

borhood of 0.4. open repeated rubbing for load, of five grams or higher, 

the coefficient of friction eventually rose up to about 1.0. At lower loads 

the friction coefficient usually remained constant. I« general, the higher 

the load, the less tl» vas needed for the friction to rise. The data are 

summarised in Tsble 1 and illustrated in F*|ure 6. A typical recording is 

shown in Figure 7 which shows that friction coefficient had jumped from about 

JO 
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0.4.to over 1.0 within a very short tin». 

Examining the restate of a large number of runs, the instantaneous 

friction coefficient appeared to be either 0.4 or 1.0. Increased speed 

tends to hasten the rise in friction. Wer, the two values of fric- 

tion coefficient were not changed. Wther surface finish has effects 

similar to that of incrweed 'speed, it only facilitates the rise in friction. 

The wear tracks were examined under a microscope. Considerable differences 

were noticed between the track from which the coefficient of friction of 1.0 

has been observed and for one with the lower friction values. The former 

ahowed a large amount of metal transfer and a much wider track as well as 

severe wear on the rider. If the sliding was terminated while the friction 

remained about 0.4, the track showed merely groves in the direction of sliding 

with no evidence of metal transfer. Individual groves are of the order of 

2 x l5\i wide. The wear on the rider was also barely noticeable. 

Another series of experiments were carried out with a fixed track using 

gradually increased load from 0.1 to 20 grams. Starting with 0.1 gram load, 

the loads were increased to 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 grams with 

twenty minutes of running time at each loads. The sliding system was then 

allowed to run under 20 gram load for 60 minutes after which the load was 

reduced stepwise in the same manner until 0.1 grams was reached. The results 

are shown in Table 2. It was noticed that the rider may be replaced with a 

new rider during any stage without noticeable change in the results. Data 

from a typical run is shown in Figure 8 where the coefficient of friction is 

plotted versus load. Results also shows that the friction coefficient of 

two different values may be obtained under apparently identical conditions. 

This phenomenon was first reported by Ling and «einer (lo) a. «bifurcation*. 

TM ASRCS-63-51 
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The fact that values ofjx of the upper branch fell down somewhat at low load 

li apparently due to the presence of impurities« 

Friction measurements were also made with H.10 tool steel specimens in 

order to show the peculiarity of the copper-copper systems, typical friction 

traces with and without oathodic reduction cleaning process are shown in 

Figure 9» The effect of surface film is quite apparent» However» the results 

did not show the two distinct levels of friction exhibited by the copper- 

copper system« 

Riders made of M-10 tool steel, fused quarts, and white sapphire were 

also used for friction measurements on copper disks« The results are sum- 

marised in Table 3« Riders of these three materials together with oopper 

were also run with ccmmsrciaUy pure aluminum disks. The results are shown 

in Table k»   All metal specimens were cleaned with the cathodic reduction 

process while the quarts and sapphire riders were cleaned by solvents only« 

DISCUSSION 

For thoroughly cleaned copper specimens, Amontons* law was obeyed with 

M » 1.0-l.t for the entire load range (0«1 to*20 grams)« Adhesion between 

surfaces was y&ry evident« For slightly contaminated surfaces Anontons* law 

again was obeyed initially, however, the coefficient of friction was only 

0.4« Our earlier results (ll) using not carefully cleaned samples showed 

that on occasions, this M- 0«4 was observed with load« in excess of 500 grams« 

In all these oases, no sign of adhesion was observed which agrees with ethers 

as Walton (19) demonstrated that adhesion between copper was not detectable 

for/<0«5« The range in which Vhitehead observed (20)u increased with load 

is, therefore, identical to the specific experimental environments. 

Ling and Weiner (to) first reported the bifurcation of theyU-load eurve|- 

■■■'■■■:■   ' •".-'■"■•■■■' -   y^' -"'■■-■■--..^ 
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of lead pairs. They found that the shape of the upper branch could be 

explained by adhesion, but not that of the lover one. They also found 

a bifurcation of adhesion with a negligibly small lower branch. Russell, 

Burton, and Ku (15) studied the friction between oxidised ooppw in dry 

helium atmosphere and also observed the bifurcation phenomenon. They, 

likewise, concluded that two mechanisms of friction must exist under 

apparently identical conditions. In the case of copper-copper system* 

it is nlso found necessary to consider some mechanism other than adhesion 

to explain the lower value of IX . 

Greenwood and Tabor (?) showed that the coefficient of friction of 

the order of unity such as that observed between v«xy clean copper speci- 

mens in air, must be due to weak adhesion as oaused by the surface oxide. 

In the same paper they also pointed out that a certain amount of work could 

be expended in plastically deforming the specimens even though they were se- 

parated by a lubricating film. 

F«ng (5) illustrated »9V9T9 plastic deformation at the sliding inter- 

face. Moore and Tegart (lk)  showed that with a hard rider sliding repeatedly 

on a copper surfaoe, the oxide, and other impurities were found well below 

the surface. Such oould only happen if the region near the oontact area 

underwent considerable plastic deformation. 

F<>r estimating the energy required for plastic deformation (ploughing 

term as frequently used) Bowden and Tabor (2) used mierosoopio model and 

.concluded that the ploughing term is usually negligible. Walton (19) re- 

fined the calculation using microscopic model asperities, and showed that 

for small spherical asperities and using the hardness of the oxide for the 

calculation, a coefficient of friction of toe order of 0*5 could indeed be 
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aooounted for. However, his results showed that UIs very sensitive to 

the thickness and the struoture of the oxide film and the asperity dlmen* 

sion. This suggests that the coefficient of friction would be very sensitive 

to the rider material« Results shown in Table 3 and k indicate otherwise« 

A different spproadh originally suggested by Dr. Ling (9) is considered 

in the estimation of the energy involved in plastio deformation. Sinoe cop- 

per has a face centered cubic structure« it is more logical to assume that 

the asperities are of the shape of rectangular corners (Figure 10s). When 

two such nsperities are in contact the cone is deformed to the shape of 

Figure 10b. The displaced volume* 

with an area of contact 

r\t -g- nL (b) 

The total volume of the asperity which undergoes plastic deformation may be 

estimated as« 

The corresponding work done ty the frictional foroe F ie* 

F -X~   ZE»fZ.   K (8) 

where Sy is the total expended energy in plastio deformation per unit volume 

andJ. is the distance traveled. The factor of 2 is Introduced for identical 

materials at slow speeds. The ans of contact is related to the load W and 

the flow stress Pg hy the relation! 
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The coefficient of friotion is* therefore, 

/      W 
_ Z EnZVi do). 

to simplify the problem, let us assume Vi«8 and Ai's are constant and 

» y^J, fa- equation (lO) is then reduoed to» 

JJ   —      2.1 Ew_ ,f P - ~^r s"r 
Comparing with equation ty[Msip\  *■* i8 clear that this mechanism will 

lead to similar qualitative results predicted by the crude adhesion theory* 

Consequently, it is easily ignored since it is usually much smaller compared 

to adhesion, whenever the latter is present« 

In order to estimate the coefficient of friction from the above equation, 

data on the total expended energy during plastic deformation must be available. 

This kind of data, however, is not readily available except for some deforma- 

tion hy impaftt (18). However, the total work (Ey) may be estimated from 

the ideal work (Ej) by a multiplying factor, say about two. Thus, 

/ - —^r~ ' (/z) 
To evaluate E^it is necessary to calculate the true strain 

Calculation of £v from measured compressive stress-strain ourve of copper 

have been done by Clarebrough .afc .il_ (4) for much higher strain. These authors 
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also shoved that Vt *» ^n^m aIld ~«P«*8ion» « a trtt* •tP*in k^1"* 

agreed well within experimental errors. Gordon (6) obtained the data of 

V on the tension of eopper down to 0.10% These data are shown in Figure 

9, With extrapolation, the value of V was found to be 0.9 cal/cc. using 

tv, « 88 kg/am2, we have: 7 

In ease one asperity is very hard, the deformation «ay be oonfined to one 

asperity with twice the displaced volume. With higher strain, the coefficient 

of friction is calculated to be 0.20. 

The above calculation is rather crude as the increase in contact area 

was not considered. The effect of combined stress was also neglected. How- 

ever, the order of magnitude is correct, indicating that energy expended In 

plastic deformation is probably the cause of friotion force in the absence 

of adhesion. It should be emphasised that neither the asperity size norr the 

properties of surface film is involved, thus, predicting a roughly constant 

coefficient of friction of copper with different surface finish and oxide 

film thickness provided it is not too thick. Tvo deductions may be drawn 

directly* 

(i) In the absence of adhesion, energy expended in plastic deformation 

becomes the principal source of friction force. As' mentioned above, 

in copper-copper system, if the rider Is replaced with a very hard 

aaterial to restrict the deformation to the copper specimen only, 

the corresponding change of LI is only about ten percent. (Although 
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(2) 

. cubic ery.t.1 «. need » the -d.i. -U« rel.tlon.hip. -111 

tollJ for .sperltl.» d.rl«d fn» other 017.fl •yt»».'   *» 

.tiding frlotlon co.fflol.nt dq** «orfly on th. .tar. of th. 

»fur of th. tu» «..eta.».,   «hue rtd.r, »d. of h.rd.r «.t.rl.1. 

ff.10 too! eteel, fu«d o«.rt». and «hit. «pphir.) on copper, th. 

„.„It. .re .hovn in T.W. 3 vh.r.    ^-0.33*0.08.   W* » 

.tadno» »t»tr.t. T.bl. * .ho» «tat ft   *<— 0.65 * 0.07. 

In th. pl»tlo d.fom.tion of m.t.1., «rfln .mount of th. 

„ u .to«d.   Th. »ount, ho«v«. 1. only . ««11 fr.otlon 

.f th. total «P— energy, th. »tie of .tored energy (*.> to 

th. id« vork (V) i« <*»»•" ltt Fl«°™ " " * fUnCti0" °f trU<> 

,tr.in.   At th. .tr.ln of 0.0*. it en b. ..«. ftat th, »tie W 

1, X... th.n 20*.   Sine. V f «W 1»» *»" * ltM —** 

.nergy). V«. —" * — 8MU"-   ^ """ ""* ^ t°t'1 

^ energy for pl..tio defection i. not ch.ngrf ,«b,tantl.lly 

* cold vor*. «* .liding «*-. 1* « — «- ^^ "" 

ch.nl.., th. friction oo.ffloi.nt a.y o. «pentad to drop .lightly 

upon »pM »liding on th. ««. tr.de du. to th. .tared energy. 

Exp.rta.nt.1 ob.err.tion of thl. .ff.ot W be M*.red by th. 

l„lti.tion of oth.r M- *W — «•«- * rt~   *M* 

j .ho« th. friction eo.fflci.nt of «-10 tool M <*»«■* — 

«hit. ..PPhl» on eopper. both .t th. virgin «rf» .nd .fter on. 

ta., of eentlnuou, rubbing (.pproxta.taly 1200 p.th.).   ft./.', of 

W, «.10 «rt «PPOi« —»- »lrt* °0Mt",t* *"* ^ ""'* 
*« *•»»«*. m>ra nor© than doubled indicating quart«; the friction coefficienta were »ore *™ 

other «echaniaaa, poaaibly adheeion, haa atarted. 
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CONCLUSIONS 

(1) The sliding friction coefficient of copper on copper under atmospheric 

conditions exhibits a bifurcation phenomenon, lp*t  two values could be ob- 

tained with apparently identical conditions. Both branches were constant 

over the load range (o.l to 20 grams) used« 

(2) When the specimens were thoroughly cleaned electrolytlcally a coef- 

ficient of friotion above 1*0 is usually obtained« The appearance of wear 

tracks indicated that adhesion was the principal mechanism« 

(3) The Initial friction coefficient between solvents cleaned copper speci- 

mens is about 0*4. At this stage of the sliding process« no evidence of 

adhesion was observable from the wear track but plastic deformation was 

evident« Apparently the trace of impurity inhibited adhesion« 

(4) Plastic deformation should be considered as a significant mechanism 

in sliding friction when adhesion is weak« Crude oaloulationlbased on the 

total expended energy showed that the coefficient of friotion between cop- 

per specimens should be about 0.2. This value is lower than the experimental 

data, but it is of the right order of magnitude and could conceivable be im- 

proved by more refined calculation. 

(5) Based on plastic deformation mechanism, sliding friction coefficient ■■ 

is insensitive to the rider material provided it is harder than the substrate. 

Experimental results using both copper and aluminum substrates showed that 

such is the case« 

(6) Upon repeated rubbing, if plastic deformation remains the principal 

mechanism, the friction coefficient may drop slightly with time. However, 

it may rise due to other mechanisms« This is substantiated by the experi- 

mental results with copper substrate. 
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S0ME8CLATURB 

A        True are« of contact. 

Ai       Area of contact of the 1th pair of aaperltiee. 

Stored energy in plastic deformation (per unit volume of material). 
E8 

hi 

B*       Total expended work In plastic deformation (per unit volume of 

material;. 

V      Total Ideal expended work in plaatic deformation (per unit volume 

of materials.) 

F        Friction force. 

Edge length of the displaced cone of the 1th pair of asperities. 

ratio of shear stress of junction to that of the material. 

Distance traveled in the deformation of asperities. 

T)        Flow Stress. 

a Shear Stress. 

Volume of plastically deformed material of the 1th pair of asperities. 

Displaced volume due to plastics deformation of the i  pair of 

Vi 

vi 
asperities. 

load 

True Strain. 

Coefficient of friction. 
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TABLE £ 

SUMMARY OF SLIDIBO FRICTIOS DATA OF COPPER CLBA8ED WITH SOLVEHTS OMLT 

LOAD (gms)       INITIAL    2 Mm.   5 Min.   10 Mm.   20 Mm.   60 Mm. 

0.1 0.45 
0.3^ 

0.2 0.43 
0.39 

0.5 0.41 
0.35 

1.0 0.34 
0.36 

2.0 0.37 
0.43 

5,0 0.40      0.41 
0.38      0.40     0.38     0.39 

  0.44 
  0.39 
  0.45 
—— 0.42 
  0.36 
  0.39 
~™ 0.42 
  0.47 
  0.37 
  0.48 

X       X 1.06 

• 0.45 
10.0 0.44 

X 
X~     'JT i" 1.02     0.96 
X       X      1.07     LOO     °»98 

Q]lik X      0.95     0.90    —*-     —- 
• 0.39       *      0,94     1.00 

20.0 0.39 X       X      1.02     0.98     0.96 
0.38      1,0V>     1.12     1.05    —      

• 0.45      0.98     1.02     1.02    ——     —- 

X  Denote» fluctuation between 0.35 and 1.20, no steady reading« eould be obtained. 
•  Denotes the disk specimens were polished to <l*/-in., others were sanded to 2-4 

^-in. 

TM ASRCN-63-5I 



TABLE 2 

SLIDINQ FRICTION OF COPPER CLEANED WITH 
SOLVENTS ONLY WITH STEPWISE VARIABLE LOAD 

FRICTION COEFFICIENT 

B LOADCgns) 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 
10.0 
20.0 
10.0 
5.0 
2.0 
1.0 
0.5 
0.2 
0.1 

In Series D, a new rider wee used after each load change 
used in each of the other series. 

D* 

.45 .39 

.43 .39 

.41 .35 

.39 .3*5 

.43 .37 
1.09 1.04 
1.15 .94 
1.15 1.04 
1.04 .94 
.90 .92 

1.13 .77 
1.05 .77 
1.04 .90 
.78 .70 
.31 .39 

.34 .31 

.39 .39 

.36 .37 

.34 .36 

.37 .53 
1.12 .45 
1.06 .90 
1.03 1.01 
.98 .99 
.90 .99 

1.16 1.05 
.84 .92 
.78 .86 
.84 .77 
.29 .39 

change« One rider was 
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TABLE 3 

SLIDDK» FRICTION OF VARIOUS RIDERS 08 COPPER 

RUHR                                              LOAD(gm) FRICTIOW. COEFFICIENT 
InHill After 60 min. 

H.10 Tool Steel                                     5 0*32 0-38 
10 O.M 0.37 
20 0.3<5 0.fc2 

Fused Quart«                                        5 0-32 0.86 
10 0.39 0.77 
20 0.3^ 0.75 

White Sapphire                                      5 0.26 0.2jv 
10 0.30 0.25 
20 0,28 0.40 
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TABLE k 

SLIDING FRICTION OH ALUMINUM SUBSTRATE 

RIDER                    LOAD (gn) FRICTIOH COEFFICIENT 

M-10 Tool St«el               0.2 0.58 
10.0 0.64 

Fuaad Quarts                0.2 0.61 
10.0 0,67 

Whit« Sapphir»              0.2 0.63 
10.0 0.67 

Copper                    00.2 0.73 
10.0 0.69 

**; 
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DISPLACEMENT TRANSFORMER DRAW BAR 

TRAVERSE SPINDLE HEAD 

DISPLACEMENT 
TRANSFORMER 
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FIG. 5   TYPICAL  RECORDING  OF SLIDING 

FRICTION OF CLEAN COPPER 
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FIG. 7   TYPICAL RECORDING OF SLIDING 
FRICTION OF COPPER CLEANED 

WITH  SOLVENTS  ONLY 
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FIG. 9    SLIDING  FRICTION BETWEEN M-IO 

$ TOOL STEEL   SPECIMENS 
:U.JL>.'*.^.--'.. 

A.  SPECIMENS CLEANED WITH  CATHODIC   REDUCTION 

LOAD: IO gm. 

8 10 

TIME (MIN.) 

.2r    B. SPECIMENS CLEANED  WITH   SOLVENTS   ONLY 

4 6 8 

TIME (MIN.) 
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FIG. 10     MODEL  ASPERITY 

A. ORIGINAL 

B. AFTER 
PLASTIC 
DEFORMATION 

PLASTICALLY   DEFORMED 
REGION 

DISPLACED VOLUME 
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